In this paper, a structure-reconfigurable resonant DC-DC (direct current -direct current) converter is presented. By controlling the state of the auxiliary switch, the converter could change the resonant structure to acquire a high efficiency and wide voltage gain range simultaneously. The characteristics of the LLC (inductor-inductor-capacitor) resonant converter are firstly analyzed. Based on this, through introducing additional resonant elements and adopting the topology morphing method, the proposed converter can be formed. Moreover, a novel parameter selection method is discussed to satisfy both working states. Then, a detailed loss analysis calculation is conducted to determine the optimal switching point. In addition, an extra resonant zero point is generated by the topology itself, and the inherent over-current protection is guaranteed. Finally, a 500 W prototype is built to demonstrate the theoretical rationality. The output voltage is constant at 400 V even if the input voltage varies from 160 to 400 V. A peak efficiency of 97.2% is achieved.
Introduction
Owing to global warming and a severe energy crisis, the preferable renewable energy has turned into an effective solution. Featuring large storage and high-value exploitation, wind power, as a kind of clean energy, is widely used at present [1] [2] [3] [4] . Moreover, wind power generation is the main form of the utilization of current wind energy. Among them, the small-scale wind power generation system brings benefits, including low-maintenance cost, easy installation, high conversation rate, and so on [5] [6] [7] . According to the different late-stage access loads, it can be divided into the off-grid type and grid-connected type [8] . For the latter, the captured wind power is transmitted to the power grid. Then, the power can be utilized by various loads, which shows more flexibility and extensibility.
In particular, the classical three-stage architecture, given in Figure 1 , is used for most of the grid-connected systems [9] . It consists of three types of converters, namely, AC-DC rectifier, DC-DC converter, and DC-AC inverter. In order to meet the grid-connected conditions, the DC input voltage of the inverter needs to satisfy the minimum voltage requirement (usually above 380 V), indicating that the DC output voltage of DC-DC converter should be kept at around 400 V. However, the limitations of a low average wind speed and instability are still the main obstacles for grid-connected operation. It leads to the situation that the input voltage is small and its voltage range is relatively wide for the DC-DC stage. Moreover, the power loss is inevitable for the DC-DC converter. Thus, a high conversion The resonant DC-DC converters are characterized by a high efficiency, high power density, and high frequency. These features make them potentially suitable in small-scale grid-connected systems. The basic resonant converter is the two-element converter, namely the series resonant converter (SRC) and parallel resonant converter (PRC). All of them could obtain the desirable zero voltage switch (ZVS). Correspondingly, the switching losses are restrained, and the efficiency is further promoted. However, the SRC could not boost voltage and its voltage regulation capacity becomes worse under light load conditions. A PRC has a large circulating current because of the parallel connection of load and resonant elements, which affects the efficiency directly [10] .
Fortunately, as a combination of the above two resonant DC-DC converters, an LLC (inductorinductor-capacitor) resonant converter could inherit their advantages commendably. It can not only extend the voltage range but obtain a high efficiency as well. However, the high-frequency characteristics of LLC are similar to that of an SRC. Specifically, the voltage adjustment level and conversion efficiency are restricted under light load conditions. Consequently, some studies are carried out to improve the performances of the LLC from efficiency promotion and improvement of voltage gain.
In terms of efficiency optimization, some researches have tried to consider parameter design [11, 12] and device improvement [13] [14] [15] . In [11] , a general-purpose mode analysis is proposed to accurately predict the resonant characteristics of an LLC. Correspondingly, the peak gain point can be estimated to optimize the design progress. As for the device improvement aspect, the literature [13] presents a detailed ZVS criterion analytical approach and an accurate magnetic design method. The light load efficiency is verified to be promoted by 6% by using the proposed method. In [14, 15] , similar approaches are adopted to improve the light load efficiency, however, their voltage gain ranges are not broad enough.
From the voltage gain range, some novel derivatives are deduced to attain certain improvements [16] [17] [18] [19] . The literature [16] presents a resonant converter with a lossless impedance control network (ICN). The unique ICN structure could maintain good soft-switching features across wide operating ranges. Then, three operation modes are adopted to ensure wide input/output voltage ranges. Not confined to the conventional LLC structure, the multi-resonant technology is also utilized. In [18] , a multi-element resonant converter with a notch filter on the secondary side is presented. By adding the notch filter, the voltage gain range can be adjustable from zero to the maximum. An interleaved LLC topology with integrated dual transformers is proposed in [19] . Due to the series connection of resonant tanks at the secondary side, a high output voltage and low parasitic capacitances are easily obtained. In summary, good performances have been harvested by these works, but some issues still exist. Specially, the abovementioned converters all employ the fixed topology, thus the flexibility and scalability are limited. Accordingly, these converters could not satisfy the requirements of the smallscale grid-tied wind generation applications as well.
Through the adoption of the auxiliary switches, a kind of topology-morphing resonant converter can be formed. These converters can adjust their structure flexibly under various working conditions. A family of an LLC converter with the auxiliary switch is discussed in [20] . An extra charging path is added through the adoption of the auxiliary switch. As a result, the voltage gain is enhanced, and the output voltage is kept steady. The literature [21] presents a DSBS LLC converter with two split resonant branches for wide input-range applications. Here, DSBS LLC converter represents the LLC The topology of the traditional three-stage grid-connected small-scale wind generation systems.
The resonant DC-DC converters are characterized by a high efficiency, high power density, and high frequency. These features make them potentially suitable in small-scale grid-connected systems. The basic resonant converter is the two-element converter, namely the series resonant converter (SRC) and parallel resonant converter (PRC). All of them could obtain the desirable zero voltage switch (ZVS). Correspondingly, the switching losses are restrained, and the efficiency is further promoted. However, the SRC could not boost voltage and its voltage regulation capacity becomes worse under light load conditions. A PRC has a large circulating current because of the parallel connection of load and resonant elements, which affects the efficiency directly [10] .
Fortunately, as a combination of the above two resonant DC-DC converters, an LLC (inductor-inductor-capacitor) resonant converter could inherit their advantages commendably. It can not only extend the voltage range but obtain a high efficiency as well. However, the high-frequency characteristics of LLC are similar to that of an SRC. Specifically, the voltage adjustment level and conversion efficiency are restricted under light load conditions. Consequently, some studies are carried out to improve the performances of the LLC from efficiency promotion and improvement of voltage gain.
From the voltage gain range, some novel derivatives are deduced to attain certain improvements [16] [17] [18] [19] . The literature [16] presents a resonant converter with a lossless impedance control network (ICN). The unique ICN structure could maintain good soft-switching features across wide operating ranges. Then, three operation modes are adopted to ensure wide input/output voltage ranges. Not confined to the conventional LLC structure, the multi-resonant technology is also utilized. In [18] , a multi-element resonant converter with a notch filter on the secondary side is presented. By adding the notch filter, the voltage gain range can be adjustable from zero to the maximum. An interleaved LLC topology with integrated dual transformers is proposed in [19] . Due to the series connection of resonant tanks at the secondary side, a high output voltage and low parasitic capacitances are easily obtained. In summary, good performances have been harvested by these works, but some issues still exist. Specially, the abovementioned converters all employ the fixed topology, thus the flexibility and scalability are limited. Accordingly, these converters could not satisfy the requirements of the small-scale grid-tied wind generation applications as well.
Through the adoption of the auxiliary switches, a kind of topology-morphing resonant converter can be formed. These converters can adjust their structure flexibly under various working conditions. A family of an LLC converter with the auxiliary switch is discussed in [20] . An extra charging path is added through the adoption of the auxiliary switch. As a result, the voltage gain is enhanced, and [21] presents a DSBS LLC converter with two split resonant branches for wide input-range applications. Here, DSBS LLC converter represents the LLC converter with dual-bridge and two split resonant branches. Through the smooth mode transition, the converter could achieve a wide voltage gain range and overall high conversion efficiency. A modified LLC converter with two transformers is proposed in [22] . The auxiliary transformer was adopted to control equivalent circuits, and thus, a high conversion efficiency was obtained. While they all have improved the performances of LLC, more devices have been introduced, and the complexity was increased as well. Consequently, this paper mainly focuses on the topology transformation resonant converter with good characteristics and simple structure simultaneously.
In this paper, a structure-reconfigurable soft-switching resonant DC-DC converter is presented. It combines two relatively simple topologies and uses an auxiliary switch to control the operation modes. At the nominal condition, it operates in LLC mode. While, as the input voltage increases, it works in LCCL (inductor-capacitor-capacitor-inductor) mode instead of LLC mode. Thus, the optimal efficiency and voltage gain range can be obtained in the full frequency range. To sum up, the proposed converter has the following merits:
1.
An auxiliary switch is turned on or off based on the input voltage. The topology structure and control strategy are relatively easy.
2.
Through the integration of two converters into one topology, a wide voltage gain range can be harvested.
3.
The converter works in the ZVS operation throughout. Such outstanding soft-switching characteristics guarantee a high efficiency in the entire gain range.
4.
Beneficial from the unique resonant zero-point, overcurrent protection can be obtained by its own structure. Reliability and security can be further enhanced.
The Description of the Proposed Converter
In this chapter, the characteristics of the conventional LLC resonant converter are first discussed. Then, the performances of the notch filter are analyzed. Finally, combining the merits of the LLC resonant converter and the notch filter, and using the topological transformation method, a two-mode structure-reconfigurable resonant converter is proposed. Figure 2 shows the compositions of the LLC resonant DC-DC converter. As seen, it mainly consists of five parts: The voltage source, inverter unit, resonant unit, rectifier unit, and load. The working process of this converter is described as follows. The DC voltage, generated by a voltage source, is transformed into a series of square waveforms in the inverter unit. Afterwards, the resonant unit could convert these square wave signals into sinusoidal forms. At last, the AC voltage is converted back to DC voltage again through the rectifier unit. Thus, the DC load of the later stage could be supplied. Therein, the full bridge is chosen for the inverter unit (Q 1 -Q 4 ), while the diodes are determined for the rectifier unit (VD 1 -VD 4 ). In addition, the resonant unit is constituted by a serial resonant capacitor, C r , serial resonant inductor, L r , and magnetizing inductor, L m . A high-frequency transformer, T, is connected between the resonant unit and the rectifier unit, and its ratio is 1:n.
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Energies 2019, 12, 2905 4 of 25 convert these square wave signals into sinusoidal forms. At last, the AC voltage is converted back to DC voltage again through the rectifier unit. Thus, the DC load of the later stage could be supplied. Therein, the full bridge is chosen for the inverter unit (Q1-Q4), while the diodes are determined for the rectifier unit (VD1-VD4). In addition, the resonant unit is constituted by a serial resonant capacitor, Cr, serial resonant inductor, Lr, and magnetizing inductor, Lm. A high-frequency transformer, T, is connected between the resonant unit and the rectifier unit, and its ratio is 1:n. Moreover, the voltage gain curve is an intuitive reflection of the characteristics of the converter. Thereby, this paper adopts the first-order harmonic approximation (FHA) modeling approach to analysis the gain characteristics. In order to facilitate the analysis, the relevant physical quantities are defined as follows. The expressions of resonant frequency, f 0 , characteristic impedance, Z o , quality factor, Q, and equivalent resistance, R e , of the load resistance, R o , are listed in Equations (1)- (2) . The voltage gain curves of the LLC resonant converter with various loads are depicted in Figure 3 . Here, the voltage gain of the LLC resonant converter, V gainLLC , is the ratio of the output voltage, V out , and the input voltage, V in . The ratio of the switching frequency, f s , to the resonant frequency, f 0 , is defined as the normalized frequency, f n . In this case, the value of L r comprises of the leakage inductor of transformer T, thus the influence of the leakage inductor is not elaborated here. As can be seen in Figure 3 , the LLC resonant converter consists of a frequency selective network. In other words, it could be considered as a bandpass filter. Voltage gain curves decrease along with increasing loads. Besides, the voltage gain at the resonant frequency, f 0 , is constant regardless of load changes. That is because the LLC resonant tank impedance is zero at f 0 , so the energy can be delivered to the load efficiently. However, when the switching frequency, f s , is larger than f 0 , the voltage gain is flat. This situation will bring about two effects. At first, the voltage regulation capacity of this converter is limited. That is to say, the very wide bandwidth, namely, poor frequency selectivity, the switching frequency needs to increase to a relatively high level to realize the voltage regulation. Secondly, over-current protection remains unresolved. As stated in [23] , during the start-up process, it is necessary to limit the inrush current. Additionally, in the condition of the short circuit or overload, the current stress of components should also be restricted. Thereby, the impedance of the converter is supposed to increase as much as the switching frequency.
Based on the above analysis, the mentioned problems can be effectively solved by moving the switching frequency away from the resonant frequency. However, the increase in switching frequency will also bring in two more issues. For one thing, the increment of the switching loss will deteriorate the conversion efficiency. At high switching frequencies, requirements for devices are also improved accordingly. For another, a highly unbalanced stress of the magnetic components occurs, therefore increasing the difficulty in designing the magnetic elements. Consequently, this paper considers the addition of additional resonant elements to improve the voltage gain of the LLC, especially the segment which is above the resonant frequency. 
Notch Filter
The notch filter is a kind of special resonant unit; the equivalent structure and the DC voltage gain are provided in Figure 4 . It consists of an inductor, L, and a capacitor, C, in parallel. The expressions of equivalent impedance, Z notch , and the resonant zero frequency, f zero , are shown as follows. When the switching frequency, f s , operates at f zero , the resonant impedance is infinitely high, and the whole energy will be blocked in this unit. In other words, the notch filter can be considered as a band stop filter.
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In light of the merits and the structural similarity of the LLC and LCCL, a two-mode structure-reconfigurable resonant converter is proposed in this paper. The equivalent topology of the proposed converter is shown in Figure 7 . Here, Q a is an auxiliary switch, which is formed by a pair of MOSFETs (Metal-Oxide-Semiconductor Field-Effect Transistors) in series. It is adopted to change the equivalent circuit of the resonant unit. (Metal-Oxide-Semiconductor Field-Effect Transistors) in series. It is adopted to change the equivalent circuit of the resonant unit.
To enhance the readability, the detailed performance analysis and parameter design process of the proposed converter are presented in the next chapter. 
Topology Analysis and Parameter Design
On the basis of the above discussion, the proposed converter is a two-mode topology morphing converter. By controlling the adopted auxiliary switch, the structure of the resonant tank is adjustable. Specifically, when the auxiliary switch, Qa, is turned off, the proposed converter is acted as the LLC converter. Once the Qa is turned on, the resonant capacitor, Cp, participates in the resonance. In this case, the converter operates in LCCL mode. The corresponding structures under different modes are given in Figure 8 . In an effort to better understand the proposed converter, the performances of the LLC converter and LCCL converter are compared and discussed below.
The Comparison of Voltage Gain Characteristics
As stated in the previous section, these two converters illustrate very different features in terms of the voltage gain range. To enhance the readability, the detailed performance analysis and parameter design process of the proposed converter are presented in the next chapter.
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The Comparison of Voltage Gain Characteristics
As stated in the previous section, these two converters illustrate very different features in terms In an effort to better understand the proposed converter, the performances of the LLC converter and LCCL converter are compared and discussed below.
As stated in the previous section, these two converters illustrate very different features in terms of the voltage gain range.
For the gain issue, the LCCL converter possesses a wider voltage gain range. As seen in Figure 6 , due to the adoption of RZP, the gain curves of LCCL becomes relatively sharp, thus broadening the low-value gain range to zero. When the input voltage changes rapidly, the LCCL circuit is capable of adjusting the voltage gain value within a narrow frequency range. In other words, a large promotion of the switching frequency can be avoided. Comparatively speaking, the LLC circuit does not have an RZP, so its voltage gain curves become gentle. Consequently, its voltage regulation is limited, especially the areas where the switching frequency is higher than the resonant frequency.
In consequence, the introduction of RZP obviously strengthens the competitiveness of the LCCL converter. Simply from the gain range aspect, the performances of the LCCL is better than the LLC.
The Comparison of Efficiency Characteristics
The efficiency factor is another important indicator that must be taken care of. Since the proposed converter has two working modes, the selection of the switching point is critical. To optimize the efficiency within the entire gain range, a comparison of efficiency is conducted in this section.
The efficiency comparison under the rated condition is discussed at first. Through the comparison of Figures 3 and 6 , both the LLC and LCCL will deliver high order harmonics at the rated point (resonant frequency point). As shown in Figure 6 , with various loads, the voltage gain values of the LCCL are at a high level within a higher frequency range. The gain curves are almost parallel with each other. While for LLC, high gain values can only be reached near the operating frequency. In the higher frequency range, the gain value of the LLC is far smaller than that in the LCCL. These phenomena can be explained mathematically as follows.
For ease of analysis, the relevant physical quantities are defined as follows. N is defined as the Nth-order harmonics. Moreover, the frequency and angular frequency of the corresponding Nth-order components can be expressed as N f 0 and N ω. Further combing the FHA modeling method discussed in [25] , the voltage gain of the LLC converter of Nth-order can be obtained as Equation (7). Herein, V ReLLCn and V ImLLCn denote the real and imaginary part of V LLCn :
A similar method is adopted for analyzing the LCCL converter. The high-order harmonics are analyzed as Equation (7), and the corresponding Nth-order components of the voltage gain of LCCL V LCCLn can be deduced as:
V ReLCCLn and V ImLCCLn represent the real part and imaginary part of V LCCLn . Since V ReLLCn , V ImLLCn , V ReLCCLn , and V ImLCCLn do not equal to zero in this case, that is, high-order harmonic power will be delivered in the resonant unit. Both the LLC and LCCL will transmit these harmonics at the rating point, and the proportions of the high-order components possess are not identical. A higher Energies 2019, 12, 2905 9 of 25 gain value within a higher frequency range means the larger proportion of high order harmonics. Generally, the larger the shares of high-order harmonics take up, the larger the circulating power is, and the smaller the efficient power is. Thus, from the aspect of efficiency optimization, exorbitant high order harmonics should be avoided in the resonant unit as far as possible. Thereby, it can be expected that with the same power and voltage level, the rating efficiency of LLC will have an edge over LCCL.
While when the switching frequency is higher than the resonant frequency, the efficiency circumstances of these two converters are quite different. As stated in [26] , the LLC converter loses the zero-current switch (ZCS) characteristic under this condition. The turn-off current also increases. Correspondingly, the turn-off losses increase sharply. With the increase of the switching frequency, the extra high-frequency losses are inevitably introduced. Besides, in order to guarantee a wide voltage gain range, the switching frequency should be far away from the resonant frequency in LLC mode. Whereas, in the same gain value, the variation of the frequency range of LCCL is relatively narrow. In this case, the operating frequency of LCCL is lower than that of LLC. It can be concluded that working in the LCCL state could successfully avoid the losses caused by a high frequency.
In summary, both converters possess their own merits but also suffer from some issues. To further synthesize the advantages of the above two, the converter mentioned in this paper can be formed. Taking the efficiency and voltage gain respects into consideration, the proposed converter operates in different modes under various conditions. In particular, the proposed converter will act as an LLC converter near the rating condition, which is to maintain a high efficiency. While when the input voltage is high, is works under LCCL mode to further extend the voltage gain range and acquire good overcurrent protection. The proposed converter is such a two-mode structure-reconfigurable converter.
The Parameter Selection Progress of the Proposed Converter
According to the above analysis, the converter first works in LLC mode. Hereby, the parameter design should meet the requirements of the LLC converter in the first place. In general, the rated parameters are preset as follows. The nominal input voltage, V in , and output voltage, V out , are 160 and 400 V, and the rated switching frequency, f r , is set as 100 kHz. The literature [11, 12] has discussed several detailed parameter design methodology of LLC resonant converters. Accordingly, restricted by the length of this paper, it will not be repeatedly given. By consideration of the preconditions, the determined parameters are listed as follows: C r = 79 nF, L r = 32 µH, L m = 128 µH, n = 2.5.
Until now, only the parallel resonant capacitor, C p , in LCCL mode is undecided. From Equation (6), it is clearly seen that the position of f 02 is directly related to the value of C p . Accordingly, through the appropriate selection the RZP, C p can be derived. In general, the placement of f 02 should not be too far or too close to f 01 . On one hand, if f 02 is far away from f 01 , the voltage gain curves keep a gentle trend. The voltage regulation capacity has not been fully improved within the frequency range from f 01 to f 02 . On the other hand, if f 02 is set very close to f 01 , the notch filter section will affect the nominal resonant frequency. In other words, it will trap energy, then energy will circulate in the notch unit. According to Fourier analysis, the input voltage of the resonant tank can be decomposed into a series of square waveforms. The corresponding voltage excitation only includes odd harmonics. Then, f 02 should be designed at even times of f 01 . Through full consideration of the above factors, f 02 is set at 200 kHz as a compromise. Correspondingly, C p can be calculated as 20 nF here. The corresponding design flow chart is illustrated in Figure 9 .
At last, based on the mentioned parameter selection progress, all the parameters of the proposed converter can be obtained. Owing to the high similarity in structure, shared parameters L r , C r , L m , and n are used by LLC and LCCL at the same time. Consequently, the proposed method could satisfy the operational requirements of both working modes.
In summary, the proposed converter operates in LLC mode at the rated condition, then steps into LCCL mode with the promotion of the input voltage. Based on the above analysis, the efficiency curve of the LLC is supposed to be above that of the LCCL and the gain is near the rated gain; whereas, the latter will be higher along with the increase in the input voltage and the gain is small. Consequently, there is an efficiency coincidence point between these two converters. Since the proposed converter is a two-mode converter, it is necessary to determine the switching point for the sake of excellent performance. Due to the expanded voltage gain range by topology-morphing, the efficiency issue is the remaining factor. Then, the efficiency intersection point is selected as the switching point for promoting the conversion efficiency. Hence, the loss issues must be estimated in the next step. The detailed loss analysis will be discussed in Section 4 of this paper.
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Loss Analysis
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Loss Analysis
Transformer Losses
The conduction loss is contributed to the current flowing through the primary-side and secondary-side windings of the transformer. Taking the primary-side of transformer T as an example, P T-con-pri is derived at first. Herein, R T-pri refers to the primary-side DC equivalent resistance. The expression is given in Equation (9) . Moreover, ρ Cu is the electric resistivity of the copper wire, and S Cu is the equivalent sectional area of the wires. l T is the length of the conductor:
Under the high-frequency circumstances, the skin effect makes the conductive currents closer to the surfaces of the conductors. Accordingly, the value of the AC resistance, R T-pri-ac , is higher than R T-pri . Thereby, based on Dowell's equation stated in [27] , the correction coefficient, K T-ad , of AC conduction resistance can be expressed as:
where n lay represents the layers of the primary-side windings of T, M T is the intermediate variable given in Equation (11) [27] . Moreover, δ n and d wire refer to the skin depth and the diameter of the copper wire, respectively. The corresponding expressions are given below:
In Equation (12), f s is the switching frequency and µ 0 is the vacuum permeability.
In consequence, the primary-side conduction loss, P T-con-pri , can be calculated as Equation (13). I 1 (n) is the root mean square (RMS) value of the nth primary-side resonant current. In this example, only the first harmonic is taken into account, while other higher order components (n ≥ 3) are neglected due to the small proportion:
Similarly, the secondary-side conduction loss, P T-con-sec , is derived as follows. Herein, R T-sec represents the equivalent DC resistance, I 1-sec (n) is the current flowing through secondary-side windings of transformer T. The AC-to-DC resistance ratio is denoted as K T-ad-sec . Then, the secondary side conduction loss, P T-con-sec , can be obtained:
As for magnetic loss, we can use the Steinmetz equation to estimate it. The flux swing, ∆B T , in a working period is given in Equation (15):
where V T is the primary-side voltage of T, A core is the equivalent sectional area of the magnetic core. t s is the switching period. N Tpri represents the number of primary-side windings. So that, the magnetic loss, P T-mag , can be calculated in Equation (16):
Moreover, k, α core , and β core are Steinmetz coefficients, and V core refers to the volume of the magnetic core. The mentioned parameters are provided by the manufacturer [28] .
To sum up, the total transformer loss, P T , is expressed as:
Power Switch Losses
The MOSFET switches of the proposed converter include the switches, Q 1 -Q 4 , in the inverter unit and the auxiliary switch, Q a , used in the topology morphing process. The switch losses are composed of the switching loss, the driving loss, and the conduction loss. As for Q a , only the conduction loss is considered. In this section, taking Q 1 as an example to describe the loss calculation process, the loss of Q a can be obtained similarly.
Switching loss is made up of the turn-on and turn-off losses. Since the proposed converter works in the ZVS state, the turn-on loss is restrained greatly. Accordingly, this part of loss can be ignored. Only the turn-off loss is considered here. The expression of switching loss, P swi , is listed as follows:
In Equation (18), I turnoff is the turn-off current of the power switch and can be gained mathematically. V in is the input voltage. Besides, Q GD , Q GS refers to the storage charges between the gain and drain, the gate and source, respectively. V pl and V th are the miller plane voltage and the gate threshold voltage. R G and R s1 denote the equivalent gate impedance and the serial source equivalent impedance, respectively. These mentioned parameters can be acquired in the relevant datasheet.
Driving loss, P dri , is generated by the driving process. The corresponding equation is shown in Equation (19) . Herein, V GD is the driving voltage:
Conduction loss, P con , is the power loss produced by the on-resistance, R sw , of Q 1 when the resonant current, I 1 (n), passes through it. The equation is deduced as:
From Equations (18)- (20), the switch loss, P Q1, of a single power switch, Q 1 , can be harvested:
Diode Losses
The calculation of diode losses is similar to that of switch losses. Because the diodes, VD 1 -VD 4 , are uncontrolled devices, only the switching loss and conduction loss are considered here.
Similar with the MOSFETs, the diodes have realized the ZCS turn-off switching, and thus, only the turn-on loss is estimated. For VD 1 , its switching loss, P swi-VD1 , is derived in Equation (22) . Here, I on-VD1 is the turn-on current of VD 1 , V VD1 is the reverse bias voltage, and t r is the turn-on period:
Furthermore, the conduction loss, P con-VD1 , is described below. Within the conduction time, t con-VD1 , the RMS current, I con-VD1 , flows through VD 1 and produces power loss, P con-VD1 , on the forward-bias voltage, V F . Then, P con-VD1 can be calculated as:
As a result, the single diode losses, P VD1 , is:
Capacitor Losses
The resonant capacitors and filter capacitors are both adopted in the proposed converter. So, each kind of capacitor is calculated separately. 
Resonant Capacitor Losses
The resonant capacitors are connected in series in the power path, which takes on a relatively high current. In an effort to achieve high efficiency, the MKP metalized polypropylene film capacitors are employed because of its low dissipation factor, D F . In LLC mode, only the serial resonant capacitor, C r, takes part in resonance. While in LCCL mode, both C r and the parallel resonant capacitor, C p , are involved in the resonant unit. Herein, we only take C r for instance.
The serial equivalent resistance, R Cr , is defined in Equation (25) . Here, a DF and b DF are the fitting parameters based on the fitting curves:
Consequently, the capacitor loss, P Cr , of C r can be calculated as:
Filter Capacitor Losses
Filter capacitors are employed for the maintenance of the DC voltage stability of the proposed converter in both the input port and output port. Their respective losses are derived in Equations (29) and (30). Here, R Cin and R Cout denote the equivalent resistance of the input port and output port, respectively. n Cin and n Cout are the numbers of capacitors used for input and output. I rip-in and I rip-out refer to the corresponding ripple currents. Their value can be obtained by summing the frequency harmonic components from the fundamental frequency to the frequency of the 32nd harmonics. The expression is given in Equation (28):
Inductor Losses
The inductor losses' estimation approach of the inductor, L r , is basically the same as that of the transformer losses. They also include two main parts, conduction loss, P Lrcon , and magnetic loss, P Lrmag . More specifically, P Lrcon can be attained through Equations (9)- (13), so is no longer elaborated here. Different from transformer T, there is no secondary-side conduction loss for inductor L r and the flux swing, ∆B Lr , is estimated in Equation (31):
I Lr-max is the peak current passing through L r , N Lr is the winding turns, and A core is the effective cross-sectional area of the inductor core.
On this basis, the inductor losses, P Lr , can be harvested as Equation (32):
To summarize, the efficiency values of LLC and LCCL at different frequencies can be calculated separately, then the corresponding efficiency curves can be drawn. The detailed loss distribution at the voltage gain, V gain , of 2.5 and 2 are shown in Figure 10 . As seen, at the rated condition (V gain equals 2.5), the efficiency of LLC is better than LCCL. That is because there are higher high-order harmonics in the LCCL converter. When V gain equals 2, the efficiency of these two modes is nearly same. Compared with LLC mode, the conduction losses of the auxiliary switch and the additional loss caused by high-order harmonics are inevitable in LCCL mode. However, the high-frequency losses are restricted to a certain extent. So, at this point, the efficiency of these two modes is balanced. Through the theoretical calculation, the intersection of the two efficiency curves is the equal efficiency point, and its value is about 2. Then, this point is chosen as the switching point to further optimize performances. certain extent. So, at this point, the efficiency of these two modes is balanced. Through the theoretical calculation, the intersection of the two efficiency curves is the equal efficiency point, and its value is about 2. Then, this point is chosen as the switching point to further optimize performances.
To validate the effectiveness of the theoretical analysis, the detailed experimental results, as well as the comparison between the calculated efficiency and the measured efficiency are elaborated in the next chapter. 
Experimental Results
A 500 W experimental prototype for small-scale wind generation systems was built and is shown in Figure 11 . The involved components and the specifications are listed in Table 1 . Here, the DC power supply (Agilent Technologies N8762A) was used to simulate the wind power generation unit, and the DC resistance acted as the output load. Then, the experimental waveforms were observed with an oscilloscope (Agilent Technologies DSO-X 3034A). The digital controller is Texas Instruments TMS320F28379D. To validate the effectiveness of the theoretical analysis, the detailed experimental results, as well as the comparison between the calculated efficiency and the measured efficiency are elaborated in the next chapter.
A 500 W experimental prototype for small-scale wind generation systems was built and is shown in Figure 11 . The involved components and the specifications are listed in Table 1 . Here, the DC power supply (Agilent Technologies N8762A) was used to simulate the wind power generation unit, and the DC resistance acted as the output load. Then, the experimental waveforms were observed with an oscilloscope (Agilent Technologies DSO-X 3034A). The digital controller is Texas Instruments TMS320F28379D.
Through the calculation results, the point, with the voltage gain of 2, was chosen as the switching point. Therefore, the compound DC voltage gain curves can be drawn in Figure 12 . Here, mode I and II separately denote the LLC mode and LCCL mode for convenience. In this case, the recombination voltage gain, V gain , and the normalized frequency, f n, are noted as well. The compound gain curve, as indicated by the arrow directions, is composed of two sections, and each part is a certain counterpart of these two modes. That is, the converter first operates in mode I, and once the optimal switching point is reached, it steps into mode II subsequently. Moreover, five special points (point 1 , 1 ', 2 , 3 , Figure 11 . Photograph of the prototype built in the laboratory. Through the calculation results, the point, with the voltage gain of 2, was chosen as the switching point. Therefore, the compound DC voltage gain curves can be drawn in Figure 12 . Here, mode I and II separately denote the LLC mode and LCCL mode for convenience. In this case, the recombination voltage gain, Vgain, and the normalized frequency, fn, are noted as well. The compound gain curve, as indicated by the arrow directions, is composed of two sections, and each part is a certain counterpart of these two modes. That is, the converter first operates in mode I, and once the optimal switching point is reached, it steps into mode II subsequently. Moreover, five special points (point① , ①', ②, ③, ④) are signed in this figure. Next, the verification of these five points is discussed in detail. Through the calculation results, the point, with the voltage gain of 2, was chosen as the switching point. Therefore, the compound DC voltage gain curves can be drawn in Figure 12 . Here, mode I and II separately denote the LLC mode and LCCL mode for convenience. In this case, the recombination voltage gain, Vgain, and the normalized frequency, fn, are noted as well. The compound gain curve, as indicated by the arrow directions, is composed of two sections, and each part is a certain counterpart of these two modes. That is, the converter first operates in mode I, and once the optimal switching point is reached, it steps into mode II subsequently. Moreover, five special points (point① , ①', ②, ③, ④) are signed in this figure. Next, the verification of these five points is discussed in detail. Point 1 is the rated operating point in mode I and the corresponding frequency is 100 kHz. Figure 13 shows the resulting waveforms at this point. Here, V gs is the driving signal, V Q1 and i Q1 represent the voltage and current of Q 1 . Similarly, V VD1 and i VD1 are the matching electrical quantities of VD 1 . V Cr is the voltage across the resonant capacitor, C r . Under this case, the input voltage is 160 V and the output voltage is 400 V. The calculated voltage gain is 2.49, which matches well with the theoretical design. As shown in Figure 13a , i Q1 lags behind an angle of V Q1 , it means that the power Energies 2019, 12, 2905 16 of 25 switches achieve the desirable ZVS turn-on. It is demonstrated by the antiparallel diode turning on earlier than the MOSFET itself. In this case, the turn-off current is small and approximate to zero, which can be considered that the power switches achieve the quasi-ZCS turn-off feature. Moreover, the desirable ZCS soft switching of secondary-side diodes is also required. In such a way, the measured efficiency is 97.2%. It further confirms that the proposed converter could maintain a high conversion efficiency at the nominal condition.
Point ① is the rated operating point in mode I and the corresponding frequency is 100 kHz. Figure 13 Figure 13a , iQ1 lags behind an angle of VQ1, it means that the power switches achieve the desirable ZVS turn-on. It is demonstrated by the antiparallel diode turning on earlier than the MOSFET itself. In this case, the turn-off current is small and approximate to zero, which can be considered that the power switches achieve the quasi-ZCS turn-off feature. Moreover, the desirable ZCS soft switching of secondary-side diodes is also required. In such a way, the measured efficiency is 97.2%. It further confirms that the proposed converter could maintain a high conversion efficiency at the nominal condition.
(a) (b) Figure 14 provides the resulting waveforms at point 1 '. As seen in Figure 12 , point 1 ' in mode II owns the same gain point as point 1 , and its working frequency is 92 kHz. In this case, the input voltage is still maintained at 160 V, and the measured output voltage is 402.2 V. The corresponding voltage gain value is 2.51. The electrical quantities in this figure are identical to that in Figure 13 . Compared with Figure 13 , both currents of the primary and the secondary sides contain a large proportion of high-order harmonics. Generally, these harmonics increase losses and deteriorate the conversion efficiency as well, and the efficiency of this point is measured as 96.7%. Consequently, the proposed converter will operate at point 1 instead of point 1 ' to guarantee a high conversion efficiency. Figure 14 provides the resulting waveforms at point ①'. As seen in Figure 12 Figure 13 . Compared with Figure 13 , both currents of the primary and the secondary sides contain a large proportion of high-order harmonics. Generally, these harmonics increase losses and deteriorate the conversion efficiency as well, and the efficiency of this point is measured as 96.7%. Consequently, the proposed converter will operate at point ① instead of point ①' to guarantee a high conversion efficiency.
(a) (b) According to Figure 12 , point ② is the switching point operating in mode I. The corresponding voltage gain equals 2 at this point. The relevant experimental waveforms are shown in Figure 15 . In According to Figure 12 , point 2 is the switching point operating in mode I. The corresponding voltage gain equals 2 at this point. The relevant experimental waveforms are shown in Figure 15 . In this case, the input voltage is 200 V, and the output voltage is 398.7 V. As can be seen in this figure, the current, i Q1 , still lags behind the voltage, V Q1 , demonstrating the power switch could achieve preferable ZVS soft switching. However, the ZCS characteristics of the LLC are lost in this case. During the turn-off process, the shutdown current becomes large. Accordingly, this will further increase the switching loss and decrease the efficiency. The efficiency is measured as 96.3% at this point.
this case, the input voltage is 200 V, and the output voltage is 398.7 V. As can be seen in this figure, the current, iQ1, still lags behind the voltage, VQ1, demonstrating the power switch could achieve preferable ZVS soft switching. However, the ZCS characteristics of the LLC are lost in this case. During the turn-off process, the shutdown current becomes large. Accordingly, this will further increase the switching loss and decrease the efficiency. The efficiency is measured as 96.3% at this point. To optimize the performances of the proposed converter, as the input voltage rises, the auxiliary switch, Qa, is turned on and then the converter steps into mode II. The resulting experimental waveforms at point ③ are illustrated in Figure 16 . Specifically, the input voltage is still kept at 200 V, and the relevant output voltage value is 402.3 V, which is in good agreement with that at point ②.
The stability of the value of the output voltage further indicates the feasibility of the topology morphing. The resulting waveforms, given in this figure, show that high-order harmonics exist in To optimize the performances of the proposed converter, as the input voltage rises, the auxiliary switch, Q a , is turned on and then the converter steps into mode II. The resulting experimental waveforms at point 3 are illustrated in Figure 16 . Specifically, the input voltage is still kept at 200 V, and the relevant output voltage value is 402.3 V, which is in good agreement with that at point 2 . The stability of the value of the output voltage further indicates the feasibility of the topology morphing. The resulting waveforms, given in this figure, show that high-order harmonics exist in both the primary-side and secondary-side. However, at this point, the working frequency is relatively low, avoiding the high-frequency magnetic losses caused by an excessive operating frequency accordingly. Thus, it yields an efficiency of 96.1%. It matches well with the efficiency at point 2 . Based on the above analysis, both the efficiency and the output voltage keep a smooth and steady transition, so that the preferable performance of the converter can be ensured.
both the primary-side and secondary-side. However, at this point, the working frequency is relatively low, avoiding the high-frequency magnetic losses caused by an excessive operating frequency accordingly. Thus, it yields an efficiency of 96.1%. It matches well with the efficiency at point ②. Based on the above analysis, both the efficiency and the output voltage keep a smooth and steady transition, so that the preferable performance of the converter can be ensured. Afterwards, the working state of the proposed converter operates in mode II all the time. The experimental waveforms at point ④ are presented in Figure 17 . On the basis of the above discussion, the RFP is the special frequency point introduced by the topology itself. Seen from this figure, when the input voltage is 400 V, the output voltage is only around 3 V. Additionally, the current is restrained to a relatively small value. It indicates that the input power is absorbed by the topology totally. Hence, working at this point could obtain good over-current protection. Compared to other Afterwards, the working state of the proposed converter operates in mode II all the time. The experimental waveforms at point 4 are presented in Figure 17 . On the basis of the above discussion, the RFP is the special frequency point introduced by the topology itself. Seen from this figure, when the input voltage is 400 V, the output voltage is only around 3 V. Additionally, the current is restrained to a relatively small value. It indicates that the input power is absorbed by the topology totally. Hence, working at this point could obtain good over-current protection. Compared to other converters, there is no need for extra protection circuits. In other words, the reliability can be enhanced. Then, the specific efficiency was measured by a power analyzer (YOKOGAWA WT3000) and is plotted in Figure 18 . There are four efficiency curves in all, here mode I-Cal, mode I-Mea curves are the calculated and measured efficiency curves in mode I, and the mode II-Cal, mode II-Mea are the corresponding curves in mode II. Seen from this figure, the calculated value is higher than the measured value throughout. The voltage gain of the intersection points of the calculated efficiency curves and measured efficiency curves are all close to 2. The deviation is within an acceptable range. Through the comparison, the correctness of the stated loss analysis method can be effectively verified. Then, the efficiency of the proposed converter is no less than that of any mode. In such a way, the converter maintains a relatively high-efficiency value within the entire gain range (above 92%). Additionally, the maximum efficiency of 97.2% is obtained at the nominal condition. Then, the specific efficiency was measured by a power analyzer (YOKOGAWA WT3000) and is plotted in Figure 18 . There are four efficiency curves in all, here mode I-Cal, mode I-Mea curves are the calculated and measured efficiency curves in mode I, and the mode II-Cal, mode II-Mea are the corresponding curves in mode II. Seen from this figure, the calculated value is higher than the measured value throughout. The voltage gain of the intersection points of the calculated efficiency curves and measured efficiency curves are all close to 2. The deviation is within an acceptable range. Through the comparison, the correctness of the stated loss analysis method can be effectively verified. Then, the efficiency of the proposed converter is no less than that of any mode. In such a way, the converter maintains a relatively high-efficiency value within the entire gain range (above 92%). Additionally, the maximum efficiency of 97.2% is obtained at the nominal condition. The specific control block diagram of the proposed converter is shown in Figure 19 . As seen, it consists of two main parts, closed-loop control and logical selection. For the former, the pulse frequency modulation control is used by changing the switching frequency, fs, to achieve the output voltage constant. Besides, the proposed converter is a two-mode topology-morphing converter, the mode transition is realized by the logical selection, and is based on the change of the input voltage. The detailed control processes are discussed below. For the closed-loop control, the measured signal, Vout-mea, is firstly acquired by a resistance voltage divider, optical isolation amplifier (ACPL-C87A), and operational amplifiers. Then, the voltage error, Verr (Verr = Vref − Vout-mea), the difference between the reference voltage, Vref, and the Voutmea, is sent to the proportional integral (PI) controller. Afterwards, the adjusting result, fs, is obtained by the frequency modulator (FM). In the end, fs is transmitted to the pulse width modulator (PWM) to generate the driving signals for Q1-Q4.
Meanwhile, the input voltage is detected to determine whether the mode transformation is required. The measured input voltage, Vin-mea, which is acquired by a voltage sensor (Voltage Transducer LV 25-P), is compared with the preset voltage, Vset, to control the on/off state of the auxiliary switch, Qa. Here, dQa is the driving signal of the auxiliary switch, Qa. At first, the input voltage is in a relatively low value, and the dQa has not been triggered. Thus, the auxiliary switch, Qa, is not involved in resonance and the corresponding working mode is mode I. Then, when the input voltage reaches about Vset, the optimal switching point is achieved. In this case, dQa is set high to make Qa conduct, and correspondingly the converter steps into mode II. Afterwards, the working mode is still in mode II regardless of the increase of the input voltage. Throughout the mode transformation process, the variable frequency control has been working to maintain the stability of the output voltage. The specific control block diagram of the proposed converter is shown in Figure 19 . As seen, it consists of two main parts, closed-loop control and logical selection. For the former, the pulse frequency modulation control is used by changing the switching frequency, f s , to achieve the output voltage constant. Besides, the proposed converter is a two-mode topology-morphing converter, the mode transition is realized by the logical selection, and is based on the change of the input voltage. The detailed control processes are discussed below. The specific control block diagram of the proposed converter is shown in Figure 19 . As seen, it consists of two main parts, closed-loop control and logical selection. For the former, the pulse frequency modulation control is used by changing the switching frequency, fs, to achieve the output voltage constant. Besides, the proposed converter is a two-mode topology-morphing converter, the mode transition is realized by the logical selection, and is based on the change of the input voltage. The detailed control processes are discussed below. For the closed-loop control, the measured signal, Vout-mea, is firstly acquired by a resistance voltage divider, optical isolation amplifier (ACPL-C87A), and operational amplifiers. Then, the voltage error, Verr (Verr = Vref − Vout-mea), the difference between the reference voltage, Vref, and the Voutmea, is sent to the proportional integral (PI) controller. Afterwards, the adjusting result, fs, is obtained by the frequency modulator (FM). In the end, fs is transmitted to the pulse width modulator (PWM) to generate the driving signals for Q1-Q4.
Meanwhile, the input voltage is detected to determine whether the mode transformation is required. The measured input voltage, Vin-mea, which is acquired by a voltage sensor (Voltage Transducer LV 25-P), is compared with the preset voltage, Vset, to control the on/off state of the auxiliary switch, Qa. Here, dQa is the driving signal of the auxiliary switch, Qa. At first, the input voltage is in a relatively low value, and the dQa has not been triggered. Thus, the auxiliary switch, Qa, is not involved in resonance and the corresponding working mode is mode I. Then, when the input voltage reaches about Vset, the optimal switching point is achieved. In this case, dQa is set high to make Qa conduct, and correspondingly the converter steps into mode II. Afterwards, the working mode is still in mode II regardless of the increase of the input voltage. Throughout the mode transformation process, the variable frequency control has been working to maintain the stability of the output voltage. For the closed-loop control, the measured signal, V out-mea , is firstly acquired by a resistance voltage divider, optical isolation amplifier (ACPL-C87A), and operational amplifiers. Then, the voltage error, V err (V err = V ref − V out-mea ), the difference between the reference voltage, V ref , and the V out-mea , is sent to the proportional integral (PI) controller. Afterwards, the adjusting result, f s , is obtained by the frequency modulator (FM). In the end, f s is transmitted to the pulse width modulator (PWM) to generate the driving signals for Q 1 -Q 4 .
Meanwhile, the input voltage is detected to determine whether the mode transformation is required. The measured input voltage, V in-mea , which is acquired by a voltage sensor (Voltage Transducer LV 25-P), is compared with the preset voltage, V set , to control the on/off state of the auxiliary switch, Q a . Here, d Qa is the driving signal of the auxiliary switch, Q a . At first, the input voltage is in a relatively low value, and the d Qa has not been triggered. Thus, the auxiliary switch, Q a , is not involved in resonance and the corresponding working mode is mode I. Then, when the input voltage reaches about V set , the optimal switching point is achieved. In this case, d Qa is set high to make Q a conduct, and correspondingly the converter steps into mode II. Afterwards, the working mode is still in mode II regardless of the increase of the input voltage. Throughout the mode transformation process, the variable frequency control has been working to maintain the stability of the output voltage.
Furthermore, to test the effectiveness of the topology morphing process, the mode transition was carried out with the abovementioned control method and is presented in Figure 20 . Here, i Cr is the current passing through C r , namely, the resonant current. As seen, the experimental results are in good agreement with the control strategy, thus the reliability of the proposed converter is demonstrated as well. Furthermore, to test the effectiveness of the topology morphing process, the mode transition was carried out with the abovementioned control method and is presented in Figure 20 . Here, iCr is the current passing through Cr, namely, the resonant current. As seen, the experimental results are in good agreement with the control strategy, thus the reliability of the proposed converter is demonstrated as well. Moreover, experiments at the 50% rated power (250 W) and 20% rated power (100 W) were conducted for comparative analysis. The relevant efficiency curves are shown in Figure 21 Moreover, experiments at the 50% rated power (250 W) and 20% rated power (100 W) were conducted for comparative analysis. The relevant efficiency curves are shown in Figure 21 . The corresponding physical quantities are consistent with Figure 18 . Furthermore, to test the effectiveness of the topology morphing process, the mode transition was carried out with the abovementioned control method and is presented in Figure 20 . Here, iCr is the current passing through Cr, namely, the resonant current. As seen, the experimental results are in good agreement with the control strategy, thus the reliability of the proposed converter is demonstrated as well. Moreover, experiments at the 50% rated power (250 W) and 20% rated power (100 W) were conducted for comparative analysis. The relevant efficiency curves are shown in Figure 21 From this figure, it can be clearly seen that the calculated efficiency is higher than the measured efficiency throughout, but the deviations are generally around 1%. Generally, along with the power level decreases, the efficiency deteriorates, and the efficiency intersection point moves slightly to the left. The reasons are listed as follows. For one thing, mode II is used to broaden the voltage gain range within a narrow frequency range, but at the same time, high-order harmonics are inevitably introduced. This phenomenon is particularly serious at light loads. For another, relatively speaking, the lower switching frequency in mode II is no longer more dominant than that in mode I. In this case, the losses introduced by high-order harmonics in mode II are larger than the losses caused by a high frequency in mode I. Thus, the efficiency of mode II decreases rapidly; that is, the efficiency crossing point of two modes shifts to the left. Even so, the converter still maintains a relatively high conversion efficiency throughout the gain range.
As stated above, the proposed converter could not only obtain high efficiency but also acquire a wide voltage gain range. The experimental results are verified effectively and reliability as well.
Conclusions
In this paper, a structure-reconfigurable soft-switching resonant DC-DC converter was proposed. By the introduction of an auxiliary switch, it changed the equivalent structure to satisfy various conditions. It has two operating modes in total, namely LLC and LCCL. At the rated condition, the converter works in LLC mode to maintain a high efficiency. With the rise of the input voltage, it enters LCCL mode to acquire a wide voltage gain range. The structure is relatively simple and the control strategy is easy to implement as well. Meanwhile, the resonant zero-point can be introduced by the topology itself. The good over-current protection is guaranteed without an extra additional circuit. Moreover, loss analysis was conducted to locate the optimal switching point. At last, a 500 W prototype was built in the laboratory to demonstrate the effectiveness and rationality further. The measured peak efficiency was 97.2%. The output voltage remained constant at 400 V even when the input voltage increased from 160 to 400 V. These good performances make it a good candidate for small-scale grid-connected wind generation systems. Author Contributions: X.H., K.X., and R.L. designed the main parts of the study, including the circuit design, switching point selection research, and experiment. X.C., Z.L., and H.Y. helped in the hardware design, experiment and some theoretical analysis.
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